We report on investigations of gas metal arc welding plasma operated in pure argon and in a mixture of argon and CO 2 at a dc current of 326 A. The spatially resolved electron densities and temperatures were directly obtained by measuring the Stark widths of the Ar I 695.5 nm and Fe I 538.3 nm spectral lines.
Introduction
Arc welding processes are indispensable as a tool for joining pieces of metal in different kinds of manufacturing industries such as in the construction of buildings, cars, ships or pipelines. Although the arc welding process has markedly improved in efficiency and productivity over the last century, it is still impossible to precisely control and predict the weld quality and its profile. This is mostly due to the lack of a full understanding of arc welding where a solid, a liquid, a gas and a plasma interact as an electrode, an arc, molten metal and a base metal. The welding process is especially complex in the case of gas metal arc welding (GMAW) with the electrode as a welding wire instead of tungsten.
Unlike tungsten inert gas arc welding, in GMAW the molten metal of the wire is transported to the workpiece across the plasma column (see figure 1 ) which can be accomplished through short-circuit (short arc), globular or spray arc [1, 2] . The latter two modes are connected with the transport of droplets which are ejected from the molten metal at the wire tip by an electric pinch propelling them to the weld pool. At given discharge conditions, transitions from the short arc to the globular and then to the spray-arc modes require higher and higher currents. The images of the column of the GMAW plasma operating in pure argon at atmospheric pressure and observed at different modes of the metal transfer are shown in figure 2(a)-(c).
Since molten metals tend to react with elements of the ambient air, oxidization and nitridation take place, destroying the strength and quality of the weld joint. Therefore, the protective shield of either inactive (Ar) or active (mixture of Ar and CO 2 , H 2 , O 2 or N 2 ) gas is used. The shielding gas, chemical composition of the wire and the workpiece can significantly affect the plasma column, the way the metal is transferred to the weld pool as well as the weld quality. For instance, with the increase in CO 2 concentration in the shielding gas, higher discharge current is necessary to operate the arc in the spray-arc mode [3, 4] , the most desirable for many applications.
Further improvements to the efficiency of the GMAW process and quality of the welds require modelling of this kind of plasmas. Most theoretical works on GMAW are limited to the process of droplet formation and its detachment from the electrode [5] [6] [7] [8] . The theory for predicting arc and electrode properties in GMAW was developed by Haidar and Lowke [9, 10] . They used a two-dimensional model of the welding wire, the plasma and the cathode. The properties of plasma are determined applying the conservation equations of mass, energy, momentum and current and including a free surface treatment for the surface of the metal drop. The droplets and their dynamics are assumed to be influenced by the forces acting on the molten metal (gravity, inertia, magnetic, viscous drag force), the effect of arc pressure, surface tension and the gas flow around the electrode. The model was further extended to include the effects of the electrode sheath, the effect due to the variation of surface tension with temperature (the Marangoni effect) [11] and also the effect of vaporization of the metal from the droplets [12] . All plasma quantities such as specific heat, thermal and electrical conductivities, density, enthalpy or viscosity are calculated for homonuclear plasma in local thermal equilibrium (LTE). The principal objective of this work was to obtain reliable data on electron temperature T e and electron density n e in the GMAW plasma and to verify the results of the theoretical modelling. In order to simultaneously determine the electron density and temperature, we measured the Stark profiles of spectral lines emitted by the plasma. Since this method does not need assumptions about the thermodynamic equilibrium of the plasma, its results may serve as the frame of reference for theoretical models.
In section 2, we describe the principles of the method of plasma diagnostics by measuring the Stark profiles of spectral lines. In section 3, we present the experimental arrangement and procedure as well as the method of plasma imaging. Section 4 contains our experimental results on plasma imaging and spatial distributions of n e and T e depending on the composition of the shielding gas (Ar + CO 2 ) and the distance from the electrodes. Finally, a summary and conclusions are given in section 5.
Plasma diagnostics using Stark broadening of emission lines
The Stark broadening of spectral lines emitted by plasma depends on both the electron number density and the electron temperature.
Thus, n e and T e can be simultaneously determined by measuring the Stark widths of two or more emission lines under the same plasma conditions. This method was originally proposed by Sola et al [13] and then exploited by Torres et al [14] [15] [16] . The accuracy of this method results mainly from the accuracy of the relation between the Stark broadening and the electron density and temperature.
In the case of our plasma, we used the Stark profiles of Ar I and Fe I spectral lines at 696.5 nm and 538.3 nm, respectively. These two lines are reasonably well isolated, strongly broadened by plasma, not self-absorbed and intense enough to be studied over a large plasma volume. The Stark width λ Ar S of the 696.5 nm Ar I line depending on the electron temperature was extensively studied by Pellerin et al [17] . On the basis of their investigations and the literature data [18] they obtained the following relation:
λ Ar S = 0.0814 n e 10 23
T e 13 000
where λ Ar S is FWHM (full width at half maximum) in nm, n e is in m −3 and T e is in kelvin. In principle, this formula is valid for n e 2 × 10 23 m −3 and T e > 10 000 K. However, due to a very weak temperature dependence it can be also used for T e < 10 000 K.
The Stark broadening of the 538.3 nm Fe I emission line was studied in a relatively large temperature range (6000-14 000 K) by Lesage et al [19] . The results of their investigations are shown in figure 3 . The temperature dependence of the Stark broadening for this line was determined similarly as for the 696.5 nm Ar I line and the following relation can be obtained:
which is graphically depicted in figure 3 by the full line.
Equations (1) and (2), with two unknowns n e and T e , constitute the basis of our diagnostic method.
Experimental arrangement
The experimental setup is shown in figure 4 . It consists of three main sections: (1) the welding torch with power supply and the system of gas flow control, (2) the electric current and voltage probes and (3) the optical system. All the details concerning the experimental arrangement and settings can be found in [3] ; we provide here only a brief description. As a plasma generator, we used the SAFMIG 480 TRS PLUS set equipped with the SAFMIG 480 TR 16 kit, both delivered by the 'Centre Technique d'Applications de la Soudure' (CTAS, Air Liquide Welding). The welding was performed at reverse polarity (anode-the wire, cathode-the workpiece) in the dc mode at a constant current of 326 A and at atmospheric pressure. The average voltage changed with the composition of the shielding gas and it was 36.0 V, 33.6 V and 39.9 V for Ar, Ar + 5.4%CO 2 (by volume) and Ar + 20.2%CO 2 , respectively. The electrical measurements were performed using the differential voltage and current (Hall effect transducer) probes. In all experiments the electrode was a wire with a diameter of 1.2 mm which was made of mild steel (AWS A5.17) and fed at a constant rate of 9 m min −1 while the shielding gas was flowing at a rate of 20 l min −1 . The distance between the contact tip and the workpiece (the metal plate) was 20 mm. During the welding the workpiece was continuously displaced using the movable table. The investigated plasma region was imaged onto the entrance slit of an Ebert-type spectrograph (0.2 nm mm −1 reciprocal dispersion) by a system of flat and concave mirrors and a Dove prism. The Dove prism rotated the plasma image by 90 • enabling the registration of the plasma layer at a given distance from the electrodes. Investigations of the light emitted from different layers of the plasma column were accomplished by a vertical translation of mirror M2. The spectra were collected at wavelengths of 538.3 and 696.5 nm over the spectral range of about 1.6 nm using a gated two-dimensional intensified charge-coupled device (ICCD) camera. The spectral resolution of the optical system was 0.004 nm while the spatial resolution was 50 µm vertically (along the axis of the plasma column) and 45 µm horizontally (perpendicularly to the plasma column).
The 'shape' of the GMAW plasma column was monitored by another, high speed, camera with an interference filter of 468.8 nm central wavelength and 3 nm spectral bandwidth. Recorded signals were dominated by continuum radiation originating from free electrons and by radiation emitted by iron vapours. The plasma images recorded in this way can give a lot of information on the welding process since the first kind of radiation directly follows the current lines while the latter gives the route over which the metallic species are transferred to the workpiece. Figure 5 shows the images of the GMAW plasma for the arc discharge operated at different concentrations of CO 2 in the shielding gas. Despite constant discharge current, two different modes of the arc were observed: the spray-arc mode for pure Ar and Ar + 5.4% of CO 2 and the globular mode for 20.2% of CO 2 in the shielding gas. In each case, the image of the plasma is composed of two zones: a bright one in the core of the arc column and a darker one at the peripheries of the plasma column. The plasma core is in the form of a cone for the spray-arc mode and a bell for the globular mode. Moreover, in the spray-arc mode, a dimmer, narrow (less than 1 mm in diameter) strip attached to the anode is observed which is considered as the stream of liquid metal droplets. The spatially (perpendicularly to the arc axis) and spectrally resolved intensities of the light emitted by the GMAW plasma registered by the ICCD camera are shown in figures 6 and 7 for the regions of the 538.3 nm Fe I and the 696.5 nm Ar I spectral lines, respectively. The different figures correspond to different compositions of the shielding gas and to different plasma layers above the cathode (different distance h). Although considerable variations of the intensity of the spectra were observed between consecutive recordings at given experimental conditions, the shapes of the line profiles varied insignificantly. High intensity fluctuations were attributed to a high amount of smoke produced during the welding process, particularly at high ( 10%) concentrations of CO 2 . On the other hand, the electric parameters of the discharge were stable within 0.5%. The images of the spectra are tilted with respect to the photosensitive element of the camera which is the feature of the Ebert-type configuration of the spectrometer and this effect was always corrected before further data processing (see details in [3] ).
Results and discussion
The spectra presented in figures 6 and 7 are laterally integrated (along the observation direction). The local, radially resolved spectra were obtained assuming the cylindrical symmetry of the plasma column and applying the Abel transformation procedure as described in [20] . Although strong self-absorption was observed for many intense Fe I spectral lines, we found our plasma to be optically thin for the lines under investigation. It was verified by fitting the Voigt profile to the Abel inverted spectra: (i) taking into account all data points in the range of the line profile and (ii) excluding data points within the central part (about one FWHM) of the profile. The linewidths of the two fitted profiles were always consistent within the statistical uncertainty which indicated self-absorption to be of little importance.
The Abel inverted spectra of emission lines fitted with the Voigt profiles are composed of the Gaussian and the Lorentzian profiles. Under our experimental conditions, the Lorentzian profile was completely dominated by the Stark broadening while the Gaussian profile was generated by the instrumental and Doppler broadenings. The Stark widths of the Ar I and Fe I spectral lines were then used for the purpose of plasma diagnostics as described in section 2 and the results are shown in figure 8 . Since in the spray mode, the emission from the central part (around 0.5 mm in radius) of the plasma column was frequently obscured by either continuous flow of liquid metal or liquid metal droplets we decided to discard this region from our analysis.
The recorded spectra of Ar I and Fe I emission lines are considerably broadened in the core of the plasma column. This core is highly conductive because of the presence of metal vapours as indicated by the intense Fe emission (see figure 5 ). The increase in the CO 2 admixture expands the plasma in the vicinity of the anode which is observed in figures 5(a) and 6. Such an expansion of the plasma can be explained not only as a result of the transfer to the globular mode but also as a result of the elongation of the plasma column. The first effect is due to the modification of the attachment of the arc to the wire-anode. If in the spray mode, the arc is attached to the tip of the wire where the liquid drops of metal exist. However, a high concentration of CO 2 leads to fast oxidization of the tip which in effect lowers the tip conductivity. Thus, it is much likely for the arc to attach to the side of the wire which then causes the plasma to swell. The second effect, elongation of the plasma column, is also associated with the reduction in the plasma conductivity in the vicinity of the tip. As a result, the temperature increases close to the tip which leads to a higher melting rate of the wire and because of a constant speed of the wire, the plasma length increases. The hypothesis about the reduction in plasma conductivity with the CO 2 concentration is confirmed by the results of our plasma diagnostics (see figure 8 ). In the plasma core, n e decreases by about 50% with the CO 2 concentration. Moreover, the results of our investigations show that the electron density increases towards the arc axis and towards the anode regardless of the CO 2 concentration and independently of the discharge mode (spray or globular). Spatial variations of the electron temperature strongly depend on the CO 2 concentration and exhibit much larger gradients in the spray mode than in the globular mode. In the globular mode, T e increases on approaching the arc axis. In the spray mode, T e reveals the off axis maxima and it drops towards the centre of the arc. This effect can be attributed to the presence of metal vapours originating from the drops of the molten wire which pass to the weld pool. These metal vapours increase the plasma emissivity [21, 22] which results in higher energy losses and in the fall of T e . These observations differ from the predictions of the Haidar model where there is a permanent increase in T e in the direction towards the arc axis. Besides, the maximum values of T e determined with the Haidar model are up to 10 000 K, higher than the ones obtained in our experiment. These discrepancies between the model and the experiment can be of two origins. First, the model does not take into account the presence of liquid metal droplets in the plasma column and so underestimates the amount of metal vapours in the plasma. Second, the assumption of LTE in the whole plasma volume is unjustified and very likely is not satisfied in any part of the arc. The last statement can be supported by the results of our diagnostics of the GMAW plasma operating in pure argon. If we consider the layer close to the cathode (the least influenced by iron vapours) and if LTE is to be satisfied on the plasma axis, for electron density of about 1.4 × 10 23 m −3 the electron temperature should be of the order of 13 600 K but not about 9000 K.
Summary and conclusions
We studied the GMAW plasma operated in pure argon and in the mixture of argon and CO 2 . The plasma was investigated by optical imaging and emission spectroscopy. The spatially resolved electron densities and temperatures were obtained by measuring the Stark widths of the Ar I 695.5 nm and Fe I 538.3 nm spectral lines. This method is direct without involving assumptions about the plasma equilibrium state and/or the distribution of the species existing in the plasma column.
Our experimental results show a reduction in the plasma conductivity with increasing CO 2 concentration. However, n e increases approaching the core of the plasma regardless of the discharge mode (globular or spray arc). Unlike n e , T e exhibits the off axis maxima in the spray-arc mode and the maximum T e we measured amounted to about 13 000 K. These observations differ from the results of the Haidar model where T e is always maximum on the arc axis and the maximum values exceed T e measured in our experiments by 10 000 K. We attribute these discrepancies to an underestimation of the amount of metal vapours in the plasma core and to the assumption of LTE existing in the GMAW plasma.
